We explored the therapeutic potentials of two N-methyl-o-aspartate (NMDA) receptor antagonists in vivo using different techniques. NMDA injected into the striatum of neonatal rats (20 nmol/0.5 fl!) induced a rapid increase in the diffusion-weighted (DW) image intensity, spreading over a large part of the ipsilateral hemisphere. Subcutaneous injection of the NMDA receptor antagonist MK-801 (1 mg/kg) or o-(E)-4-(3-phosphono-2-prop-enyl)-2-piperazine-carboxylic acid (D-CPPene; l.5 mg/kg) re versed both the volume and the grading of the NMDA induced hyperintensity of DW images, the reversal by MK-801 being more rapid than that by D-CPPene. In the cerebral cortex, there was an inverse relationship be tween changes in DW image intensity and the size of the extracellular space, assessed by electrical impedance measurements. The reduction of the hyperintense volume in DW images I or 2 h after MK-801 or D-CPPene treat ment of NMDA-injected animals depended on the type of Accumulating evidence suggests that excitotoxic ity may play an important role in the pathogenesis of human neuronal cell loss induced by acute insults such as cerebral hypoxia-ischemia, hypoglycemia, perinatal asphyxia, sustained epilepsy, and trauma (Meldrum and Garthwaite, 1990) . In experimental models of such disorders, glutamate antagonists Abbreviations used: ADC, apparent diffusion coefficient; ANOVA, analysis of variance; D-CPPene , D-(E)-4-(3-phos phono-2-propenyl)-2-piperazine-carboxylic acid; DW, diffu sion weighted; ECS, extracellular space; GFAP, glial fibrillary acidic protein; MR1, magnetic resonance imaging; NMDA, N-methyl D-aspartate; Sl, signal-intensity; T2W, T2 weighted.
Summary:
We explored the therapeutic potentials of two N-methyl-o-aspartate (NMDA) receptor antagonists in vivo using different techniques. NMDA injected into the striatum of neonatal rats (20 nmol/0.5 fl!) induced a rapid increase in the diffusion-weighted (DW) image intensity, spreading over a large part of the ipsilateral hemisphere. Subcutaneous injection of the NMDA receptor antagonist MK-801 (1 mg/kg) or o-(E)-4-(3-phosphono-2-prop-enyl)-2-piperazine-carboxylic acid (D-CPPene; l.5 mg/kg) re versed both the volume and the grading of the NMDA induced hyperintensity of DW images, the reversal by MK-801 being more rapid than that by D-CPPene. In the cerebral cortex, there was an inverse relationship be tween changes in DW image intensity and the size of the extracellular space, assessed by electrical impedance measurements. The reduction of the hyperintense volume in DW images I or 2 h after MK-801 or D-CPPene treat ment of NMDA-injected animals depended on the type of Accumulating evidence suggests that excitotoxic ity may play an important role in the pathogenesis of human neuronal cell loss induced by acute insults such as cerebral hypoxia-ischemia, hypoglycemia, perinatal asphyxia, sustained epilepsy, and trauma (Meldrum and Garthwaite, 1990) . In experimental models of such disorders, glutamate antagonists antagonist used and on the interval between intrastriatal NMDA injection and antagonist treatment. The reduction was 95% when MK-801 was given with a delay of 90 min and decreased to 20% when it was given at 360 min. With D-CPPene, the reduction was 80% after a delay of 30 min and virtually absent when it was administered at 360 min. Quantitative analysis showed significant correlations be tween the residual hyperintense volume 1 or 2 h after MK-801 or D-CPPene treatment and the final lesion vol ume, assessed from either T2-weighted images (R = 0.89, p < 0.001) or histology (R = 0.80, p < 0.001) 5 days after the insult. This study illustrates the sensitivity of DW magnetic resonance imaging to monitor in vivo early events after an excitotoxic insult and the effect of puta tive protective drugs that may counteract the resulting damage. Key Words: Cell swelling-Diffusion weighted Excitotoxicity-Impedance-Magnetic resonance imag ing-N-Methyl-o-aspartate.
proved to be effective in reducing injury. The role of N-methyl-D-aspartate (NMDA) receptors in me diating hypoxic/ischemic neuronal death is particu larly highlighted in neonatal rats. In comparison with more mature animals, the vulnerability to NMDA is much more pronounced in neonatal rats and the resulting excitotoxic lesion shows a similar morphological and developmental pattern as hypox ic/ischemic lesions . The activation of NMDA receptors by excessive levels of extracellular glutamate might therefore represent a critical factor in compromising nerve cells in neo natal ischemia.
Intrastriatal injection of NMDA in neonatal rats produces confluent necrosis, gross tissue deforma tion, and reactive gliosis by 5 days (McDonald et al., 1990) . Cell swelling is one of the early cellular events occurring after NMDA exposure or hypoxic/ ischemic insults (Choi et aI., 1988) . Thus karyoden dritic swelling has been observed in morphological studies as soon as 4 h after NMDA injection (Ikonomidou et aI., 1989) . Under certain condi tions, this cell swelling is a reversible process. In vitro cells can recover their normal volume and sur vive after brief application of NMDA (Choi et aI., 1988) . Also, in vivo protection by NMDA receptor antagonists is effective within a certain limited time period after the excitotoxic insult (McDonald et aI., 1990; Massieu et aI., 1993) . However, so far little is known about the early tissue response to excitotox ins under in vivo conditions. Magnetic resonance imaging (MRI) might permit the noninvasive moni toring of this neuronal damage.
T2-weighted magnetic resonance imaging (T2 W MRI) is now a well-established technique to visual ize tissue edema after experimental ischemia (Kato et aI., 1986) and excitotoxic lesions (Pschorn et aI., 1993) . However, changes in T2W images are detect able only several hours after the insult. It seems that diffusion-weighted (DW) MRI permits the early detection of anomalies in the brain following focal cerebral ischemia (Moseley et aI., 1990; Busza et aI., 1992) and intracerebral injection of glutamate receptor agonists, such as kainate (King et aI., 1991) , glutamate, and NMDA (Benveniste et aI., 1992) .
Previous studies in our laboratories (Verheul et aI., 1993 (Verheul et aI., , 1994 have shown that signal intensity changes in DW images are correlated with NMDA induced early changes in cell volume. The studies give an indication that redistribution of water from the extra-to the intracellular space might account for a reduction in the water diffusion coefficient, generating contrast in the DW images. The aims of this study were (a) to compare the time course of recovery from NMDA-induced injury by systemic injection of a competitive [D-(E)-4-(3-phosphono-2-prop-eny1)2-piperazine-carboxylic acid; D-CPP ene] and a noncompetitive (MK-80 l) NMDA recep tor antagonist and (b) to study whether DW MRI can be used to evaluate neuroprotection offered by systemic application of NMDA receptor antago nists at five time intervals (30, 90, 150, 240, and 360 min) after intrastriatal NMDA injection.
MATERIALS AND METHODS

Administration of NMDA
Intracerebral injections of NMDA or vehicle were per formed according to McDonald et al. (1990) . Briefly, ether-anesthetized, postnatal day S rat pups were posi tioned in a plaster mold and subsequently placed in a stereotactic frame. The head skin was retracted and a small hole was drilled in the skull. A 5-f.ll Hamilton sy ringe was positioned in the left striatum 2.5 mm lateral of J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 the bregma at a depth of 4 mm. Injections were performed with a micro drive at a rate of 0.25 f.ll/min. Control animals (n = S) were injected with 0.5 I.d of 50 mM Tris-HCl buffer (pH 7.4). The other animals received 0.5 f.ll of Tris HCl containing 20 nmol of NMDA (n = 70). After sutur ing of the scalp, the animals subjected to MRI were either placed in the magnet immediately under further halothane anaesthesia (a mixture of 70% N20, 30% O2, and 0.5-O.S% halothane) to observe the time course of changes in DW images during 150 min or returned to the dam before being subjected to later NMR imaging and antagonist treatment at 30-360 min after the NMDA insult. After the NMDA injection, NMR imaging, or antagonist treatment, animals were returned to the dam after 30-90 min of re covery under normothermic conditions (between 37 and 3SSC) using a heating pad and an infrared lamp. All animals were sacrificed 5 days after NMDA injection.
Administration of NMDA receptor antagonists
The noncompetitive NMDA antagonist MK-SO I (1 mg! kg body weight, MW 337; gift from Merck, Sharp and Dohme, West Point, PA, U.S.A.) or the competitive NMDA antagonist D-CPPene (1.5 mg/kg body weight, MW 250; provided by Dr. P. L. Herrling, Sandoz Ltd., Basel, Switzerland) were dissolved in saline and admin istered subcutaneously in a volume of 0.1 ml. When the animal was positioned in the NMR magnet, 5 min prior to treatment with antagonists the halothane flow was re duced from 0.S-0.5 to 0.2-0.1 % to avoid sedation that was too deep.
MRI
MRI was performed using a SISCO 200/400 spectrom eter operating at 200 MHz for protons and equipped with Oxford shielded gradients (maximal gradient strength of IS mT/m) or a high-performance gradient accessory with a maximal gradient strength of 100 mT/m. Details on the NMR imaging procedures are described in previous pa pers (Verheul et aI., 1993 (Verheul et aI., , 1994 . For DW and T2W im aging, 10 contiguous slices with a slice thickness of 1.1 mm were acquired using a spin-echo sequence.
The experimental design and NMR parameters used were different when (a) changes in DW images were com pared with changes in impedance and (b) the protective effects of antagonists given at varying time intervals after NMDA injection were studied.
(a) To obtain a reasonable temporal resolution that would allow for comparing changes in DW images with changes in electrical impedance (Verheul et aI., 1994) , images were acquired in 2.5 min continuously over the first 30 min after intrastriatal NMDA injection (n = 16) and up to 30 min or 2 h after MK-SO I (n = 6) or D-CPPene (n = 4) treatment, as well as up to 30 min after saline treatment (n = 3). MK-SOl, D-CPPene, or saline was injected subcutaneously 30 min after intrastriatal NMDA injection. To compare early alterations in DW images with morphology, brains were also processed for histol ogy at 30 min (n = 3) or 90 min (n = 3) after intrastriatal NMDA injection, as well as at 60 min after MK-SO I treat ment that was given 30 min after NMDA injection (n = 2). All other brains were processed for histology 5 days after NMDA injections after a T2 W image was taken. The signal intensities in a region of interest of 1 x 1 mm were determined in the cortex of the ipsi-and contralateral hemisphere in the region corresponding to the area in which the electrical impedance was measured (see Im-pedance Measurements). The signal-intensity (SI) ratios of the region of interest in each image was defined as the SI in the ipsilateral hemisphere divided by the SI of a corresponding region in the contralateral hemisphere.
(b) For an accurate assessment of the protective effects of antagonists given at five time intervals after NMDA administration and for comparison with histology, images were acquired 9 min before and 1 or 2 h after subcutane ous injection of MK-801 or D-CPPene. Each of the an tagonists was given at increasing time intervals (30, 90, 150, 240 , and 360 min) after intrastriatal NMDA injection (n = 4-6 for each antagonist at each time point). T2W images of the same animals were obtained 5 days later, after which the brains were processed for histology. Con trol animals (n = 7) received a subcutaneous injection of saline instead of antagonist 90 min after intrastriatal NMDA injection.
The volume of the tissue displaying the hyperintense signal in the DW and T 2 W images has been estimated by counting the number of hyperintense pixels in each of the 10 coronal sections. The threshold for segmentation was set manually at a level above which no pixels were high lighted in the contralateral (healthy) hemisphere. The sum of the hyperintense pixels obtained from 10 contiguous slices was converted to an estimate of lesion volume by taking into account the dimensions of a single pixel. Software for quantitative analysis of images was ob tained from New Methods Research Inc. (Syracuse, NY, U.S.A.).
Impedance measurements
Impedance measurements were performed continu ously before and after NMDA injection (n = 14) and following MK-801 (n = 4) or D-CPPene (n = 6) admin istration. Anesthesia, NMDA injection, and antagonist treatment were as described above for MRI. The cortical impedance was assessed by recording the drop in poten tial between two intracortical electrodes after passage of a constant-current pulse through the cortex, as described in our previous paper (Verheul et aI., 1994) . Recordings started 20 min after electrode placement. Thirty minutes after this operation, vehicle or 20 nmol of NMDA was injected. Before and after each experiment, the elec trodes were calibrated in different salt solutions and in a Ringer's solution at 37°C. The relative volume of the ex tracellular space was calculated from the impedance mea surements using the Maxwell equation (Cole et aI., 1969) . After the measurements, brains were processed for his tological analysis and for verifying the position of the electrodes.
Histology
Immediately after completing MRI or impedance mea surements, pups were deeply anesthetized with 10 mg/kg pentobarbital and perfused through the left ventricle with saline. Perfusion was continued with approximately 100 ml of phosphate-buffered formaldehyde (4%, wt/vol). The brains were stored in fixative at 4°C for a maximum of 7 days and thereafter embedded in paraffin. Sections of 7 f.l.m were stained with hematoxylin and eosin for detailed histological analysis. Alternating paraffin sections were either Nissl-stained with cresyl violet or immunoreacted for glial fibrillary acidic protein (GFAP). GFAP staining was performed with a rabbit antibody raised against hu man GFAP (DAKO). The antibody-antigen binding was visualized with a peroxidase/antiperoxidase reaction, us-ing diaminobenzidine as the chromogen. Control sec tions, which were incubated without the GFAP antibody, were processed concurrently.
For quantitative analysis of the lesion volume, brains of separate animals were stored for over 3 days in 30% su crose in phosphate-buffered saline. Sucrose-immersed brains were then frozen, and 45-f.l.m cryostat sections were sampled every 270 f.l.m and stained with cresyl vio let. The cross-sectional area of the lesion was measured in coronal sections spaced 1,080 f.l.m apart (every fourth sampled section), starting at coronal plane A 7.0 and end ing at coronal plane P 0.9 [stereotactic coordinates ac cording to the atlas of Sherwood and Timiras (1970) ]. The cross-sectional area of the lesion was determined by pro jecting the section onto a Calcomp 2000 digitizer (using a Zeiss light microscope with a 2.0x Plan objective, 12.5x Plan oculars, and 1.8x drawing tube). The projected boundary of the lesion in each section was then traced with a digitizing pen. The lesion area was defined by the almost-complete loss of staining of Nissl substance and included the widened ventricle, cellular necrosis, and re active gliosis. Each area was converted to real area by correcting for magnification. The total volume of the le sion was achieved by integration of areas with the dis tance between each coronal section.
Statistical analysis of data
Data were analyzed by one-or two-way analysis of variance (ANOV A), followed, in the case of a significant effect (p < 0.05), by Student-Newman-Keul's test for mUltiple comparisons. For testing significance of reduc tion in the hyperintense volume, we used the Wilcoxon matched-pairs signed-ranks test. Pearson's rank correla tion coefficient analysis was used for assessing correla tions among lesion volumes measured with DW MRI, T 2 W MRI, and histology.
RESULTS
Monitoring protection against NMOA-induced tissue changes using OW images
In agreement with earlier findings, intrastriatal in jection of NMDA resulted in a rapid alteration in DW images (Verheul et aI., 1993) . A hyperintense area around the injection site, indicative of tissue with a low apparent diffusion coefficient (ADC) of water was detectable by 5 min after NMDA injec tion. The DW image hyperintensity was progres sively spreading with time, encompassing virtually the whole ipsilateral hemisphere by 30 min. The upper series of images in Fig. lA and B show changes in the DW images at the level of the dorsal hippocampus after intrastriatal NMDA injection. The specificity of the NMDA effect is indicated by the failure of intrastriatal Tris-HCI injections to in duce changes in the DW images, except for discrete alterations detected on the surface of the ipsilateral cortex probably due to the presence of clotted blood (Verheul et aI., 1993) . MK-801, given subcu taneously 30 min after NMDA (arrow in Fig. lA rapid decrease in impedance, which reached the control value within 30 min. In contrast, D-CPPene induced a more gradual decrease in impedance, reaching a value somewhat above the control 90 min after the injection of the antagonist. At the same time, in animals treated with saline instead of antagonist, impedance estimates in the ipsilateral cortex remained high (Table O . It should be noted that the time course of impedance changes on NMDA injection and subsequent treatment with NMDA receptor antagonists was similar to the time course of alterations in signal intensity ratio de-TIME AFTER NMDA II\JECTION (min) tected with DW MR I in corresponding cerebral cor tical areas ( Fig. 2B ) and in the volume of the hyper intensity in the ipsilateral hemisphere (Fig. 2C) .
Estimates of the electrical impedance and the cal culated fractional volume of the extracellular space under the different experimental conditions are shown in Table 1 . In animals treated with saline instead of antagonists, the extracellular volume fraction in the cerebral cortex of the injected side decreased from 24 to 13% by 60 min after NMDA injection, without any decline occurring in the con tralateral side. Treatment with MK-801 restored the ages at increasing times after intrastriatal admini . stration of NMDA (at t = 0) without subsequent treatment with antago nists. Data are means ± SD of three to eight animals.
volume of the extracellular space to normal within 30 min. The effect of D-CPPene was more gradual and a substantial normalization occurred only after a further 60 min. No changes were detected in the contralateral extracellular space (ECS) after antag onist treatment.
Comparison of DW images and impedance with histology shortly after NMDA injection Thirty minutes after intrastriatal injection of NMDA, prominent dendritic swelling was detect able in the inner layers of the ipsilateral cerebral cortex, at the position where electrical impedance was measured ( Fig. 4A) . At this early time point, no signs of neuronal degeneration were found. The area of histologically observed cell swelling also corresponded to the hyperintense area in DW im ages acquired at a similar time (i.e., 30 min) after the NMDA injection. By 90 min, swelling became more prominent and pycnotic cells were also evi dent (Fig. 4B ). In contrast, in animals treated with MK-801 30 min after NMDA injection and sacrificed 1 h later, we could not detect signs of cell swelling or neuronal degeneration in the inner cortical layers (Fig. 4C, bottom) . For comparison, a micrograph of the contralateral cortex 30 min after intrastriatal NMDA injection is presented (Fig. 4C, top) .
Comparison of NMR images with histology 5 days after NMDA injection
The comparison of DW images obtained directly after NMDA injection with T2 W images and histol ogy 5 days after the NMDA injection is presented in Fig. 5 . In animals not treated with antagonists the part of the brain that, on the basis of DW MRI was responsive to the injected NMDA (Fig. 5A) , devel oped into an area of tissue necrosis and reactive gliosis over a period of 5 days. In T2W images (Fig.  5B) , the sharply delineated hyperintensity coin cided with a histologically recognized area of cell loss and dilatation of the ipsilateral ventricle (Fig.  SC) . The hypointense regi o n in the T2W image, on the other hand, corresponded to an area densely populated by GF AP-stained astrocytes (arrowheads in Fig. 5B , C, and D; magnification in E). In animals intrastriatally injecteq with Tris-HCl, few GFAP positive astrocytes were found and these were lo cated primarily along the needle tract and in the corpus callosum of both hemispheres (results not shown).
Evaluating protection by antagonists using OW
MRI, T2W MRI, and histology
Based on the time courses of the acute effects of the antagonists (Fig. 2) , DW images were acquired immediately before and 1 or 2 h after treatment with MK-801 or D-CPPene. This time interval was suf ficient to obtain a stabilized value of the hyperin tense volume in OW images after antagonist treat ment (Fig. 2C ). Figure 6 represents images obtained at the level of the injection site in the striatum (A-C) and at the level of the dorsal hippocampus (D-F) of Electrical impedance was transformed to ECS volume fraction using the Maxwell equation (see Mateials and Methods). The volumes of the ECS were restored to normal values 30 min after subcutaneous injection of MK-SOI (60 min after intrastriatal NMDA injection) but only 90 min after injection with D-CPPene (120 min after intrastriatal NMDA injection). The values are given as means ± SD of n animals. *Statistically different from value before NMDA, p < 0.05, one-way ANOV A and Student-Newman-Keuls' test. two animals. MK-801, given 150 min after NMDA injection, clearly reduced the volume of the hyper intense area (compare Fig. 6A and B) . A T2 W image taken from the corresponding coronal plane of the same animal 5 days after NMDA injection showed a hyperintensity in the ipsilateral ventricle and a small hypointense area (arrowhead) reflecting gliosis (Fig. 6C) . Figure 6D -F shows images ob tained according to the same protocol, except that D-CPPene was the antagonist. Coronal slices and a histological section at the level of the dorsal hip pocampus are shown. D-CPPene attenuated the hyperintensity in the hippocampus and outer corti cal layers (compare Fig. 6D and E) . The hyperin tensity observed in T2 W images acquired 5 days later corresponded to an area of cell necrosis and ventricular widening in a histological section pre pared from the same animal (arrowheads in Fig. 6F  and G) .
The volume of the hyperintense area in DW im ages was quantified before and 1 or 2 h after treat ment with MK-801 or D-CPPene. The degree of reduction in the hyperintense volume was clearly dependent on the time interval between NMDA injection and antagonist treatment (Fig. 7) . The efficiency of D-CPPene to decrease the hyper intense volume was lower than that of MK-801. MK-801 significantly reduced the hyperintense vol u _ me at all time intervals studied, whereas D-CPP ene significantly reversed the hyperintense volume only when given within 240 min after NMDA injec tion.
The hyperintense volume in DW images and in T2 W images as well as the final lesion volume as sessed by histology significantly increased on in creasing the interval between NMDA injection and antagonists treatment (Fig. 8) . In both MK-801-and D-CPPene-treated animals, the hyperintense vol ume in the DW images (acquired lor 2 h after MK-801 or D-CPPene treatment) was significantly larger than the affected volume in the T2 W images as sessed 5 days after NMDA injection. In addition, the hyperintense volume in T2 W images was signif icantly smaller than the histologically measured le sion volume. The hyperintense volume measured in DW images did not differ significantly from the his tologically estimated lesion volume. Irrespective of the length of the delay between the administration of NMDA and the antagonist, MK-801 treatment resulted in a significant reduction in the lesion vol ume compared to that of saline-treated controls, as sessed by all the three means of evaluation. This was not the case after D-CPPene treatment, the ef fect of which was not significantly different from that in NMDA-injected controls after a delay of 240 and 360 min (DW MR I) or after a delay of 360 min (T2W MR I and histology). Comparing lesion vol ume estimates obtained by the different procedures, significant correlations were found between the hy perintense volume in DW images detected after sa- line or antagonist treatment and the hyperintense volume in T2 W images acquired 5 days later (Fig.  9A ). In addition, significant correlations were shown between the hyperintense volume in T2 W images or DW images and the lesion volume esti mated histologically ( Fig. 9B and C) .
DISCUSSION
In neonatal rats, NMDA receptor antagonists can provide significant protection against hypoxic/ ischemic neuronal damage (McDonald et al., 1987; Olney et aI., 1989; Meldrum and Garthwaite, 1990 ). In the present study we explored the therapeutic potentials of NMDA receptor antagonists in an in vivo model, namely, neonatal rats receiving intra striatal injection of NMDA, by characterizing the influence of the delay between massive NMDA re ceptor activation and the blockade of the receptors J Cereb Blood Flow Metab. Vol. 14, No.6, 1994 by a competitive or a noncompetitive NMDA re ceptor antagonist.
It seems that in adult rats, NMDA receptors are involved in the development of spreading depres sion elicited by either anoxic depolarization or K + application to the cortex (Lauritzen and Hansen, 1992) . Since an increase in cell volume is known to be associated with cortical spreading depression in adult rats or cats (Hansen and Olsen, 1980) , we hy pothesized previously that the changes in signal in tensity in DW images, spreading rapidly over a re markably large volume of the 8-day-old rat brain after intrastriatal injection of NMDA, were attrib utable to trans synaptic depolarization (Verheul et aI., 1993) , Another factor that might significantly contribute to the widespread increase in DW image hyperintensity after intrastriatal NMDA injection is diffusion of NMDA, which is neither taken up nor metabolized by cells (Skerrit and Johnston, 1981) , Changes in the ECS and intracellular space in the brain can be assessed by impedance measurements (Li et aI., 1968; Hossmann, 1971) . In spite of certain limitations, inherent in the assumptions made to permit the conversion of impedance estimates to values of ECS (Cole et aI., 1969; Pelligrino et aI., 1981) , the percentage ECS as presently calculated
in healthy brain tissue (Table 1) is similar to the values obtained from studies using extracellular tracer molecules (Nicholson and Phillips, 1981) and freeze substitution (Van Harreveld, 1972) . The im portant advantage of the impedance measurements is that it permits, with a high temporal resolution, on-line recording of responses to intrastriatally in jected NMDA and its possible counteraction by NMDA receptor antagonists.
Former studies have shown that MK-801 and D-CPPene can prevent brain damage induced by excitotoxic and certain types of ischemic insults (Foster et aI., 1988; Park et aI., 1988; Bullock et aI., 1990; McDonald et aI., 1990; Massieu et aI., 1993; Sauer et aI., 1993) . The dose of MK-801 used in our study (1 mg/kg) was similar to the dose that also provided complete protection when given 30 min after intrastriatal NMDA injection in neonatal rats in the study of McDonald et al. (1990) . The pres ently employed dose of D-CPPene (1.5 mg/kg) was the maximum that could be given in combination with halothane anesthesia without causing mortal ity. Pilot studies showed that, in combination with halothane anesthesia, the higher dose of 2.5 mg/kg D-CPPene caused 20% mortality in 7-day-old rats. Cell swelling, initiated by excitatory amino acids, involves energy depletion and the collapse of the transmembrane ionic gradient (Korf and Postema, 1988; Katayama et al., 1992) . In our study, NMDA induced cell swelling did not reverse spontaneously up to 150 min after intrastriatal NMDA injection, the last time point examined. This sustained action is probably due to the fact that NMDA is neither taken up nor metabolized by cells (Skerrit and Johnston, 1981) , thus can exert a continuous acti vation of NMDA receptors. Both MK-801 and D-CPPene were able to reduce substantially cell swelling when given 30 min after NMDA injection, and for the first time, we showed in vivo the time course of recovery evoked by NMDA receptor an tagonists. The recovery induced by MK-801 was more rapid than that elicited by D-CPPene. The dif ference in the length of time during which an antag onist can reverse cell swelling to a basal value could explain the difference in final protection provided by each of the antagonists as assessed from the his tologically estimated lesion volumes. It is notewor thy that the time courses of changes in impedance and in SI ratio in DW images elicited by intrastriatal NMDA injection with or without NMDA receptor antagonist treatment showed remarkable similari ties. The present observations therefore support and extend previous findings (Verheul et al., 1994) J Cereb Blood Flow Metab. Vol. 14. No.6, 1994 in providing evidence that the NMDA-induced in crease in SI in DW images is related to cytotoxic edema. Nevertheless, the demonstration of a causal relationship between the decrease in the apparent diffusion coefficient of tissue water and cell swell ing has not yet been obtained.
The differences in the time course of protection by MK-801 and D-CPPene might be related to dif ferences in the availability of the subcutaneously injected antagonists to NMDA receptors in the brain and the fact that D-CPPene is a competitive and MK-801 is a use-dependent, noncompetitive antagonist (Wong et al., 1986) . With respect to the latter aspect, the presence of relatively high con centrations of NMDA around the receptor pro motes NMDA receptor blockade by MK-801, whereas it counteracts blockade by D-CPPene. Still D-CPPene was able significantly to reduce NMDA induced cell death at a dose one-tenth of that nec essary in adult rats to protect against NMDA recep tor-mediated brain damage (Moncada et al., 1991; Massieu et al., 1993) . This may point to an age dependent difference in the efficacy of systemically injected D-CPPene related to the development of the blood-brain barrier (Risau and Wolburg, 1990 ): D-CPPene is less lipophilic than MK-801 and, as a result, is excluded more effectively from the adult than from the immature brain.
Correlation between the volume of hyperintensity in
DW images and the final lesion size
We observed substantial histological changes, such as overt necrosis and gliosis, in the areas af fected by NMDA. NMDA-induced reactive gliosis is a typical response to an excitotoxic insult and has been described previously in adult rats (Wang et al., 1991) . Interestingly, there is a clear topological cor- 0.82x -3.41 (n = 32, R = 0.80, P < 0.001).
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respondence between the region visualized by the hypointensity in T2 W images and the area of reac tive gliosis detected by histology and immunocyto chemistry, suggesting that astrocytes and microglia constitute a matrix with a relatively short T2 relax ation time. More systematic investigations are needed for the better understanding of MRI relax ation characteristics of water in gliotic tissue in de veloping rat brain.
In the quantitative evaluation of the T2 W images, we considered only the volume of the hyperintense area. The exclusion of the hypointense gliotic area might explain why the estimates of "pathological" volume in T2 W images were consistently smaller than the histologically measured lesion volumes, which include areas of astrocytosis (Fig. 8) . It was not possible to include the volume of gliosis in the quantitative analysis since in both MRI slices and Nissl-stained sections, which were collected more anterior and posterior to the striatum, the boundary between the gliotic tissue and the surrounding "healthy" tissue was too diffuse. It is possible that the volume of the hyperintensity in DW images might show a better correlation with the hyperin tense volume in T2 W images obtained 1 day later (Verheul et aI., 1993) , when reactive gliosis is less pronounced in comparison with 5 days after NMDA injection. We chose to compare DW images with T2 W images and histology obtained after a delay of 5 days, since by this time an overt lesion developed that could be clearly recognized in Nissl-stained sections (McDonald et aI., 1990) and in T2 W images (Verheul et aI., 1993) .
Tissue showing a "persistent" hyperintense sig nal in DW images after NMDA injection and sub sequent treatment with NMDA receptor antago nists or saline clearly proceeded into tissue necrosis and gliosis as quantified and observed in T2 W im ages and histological sections. This correspondence was most pronounced in the case of the MK-801treated animals. Considering that a hyperintensity in DW images apparently reflects cytotoxic edema [i.e. , cell swelling (Verheul et ai. , 1994) ), our obser vations indicate a topological correspondence be tween NMDA-induced cell swelling and ultimate cell death. Studies are under way to examine the correspondence between acute cytotoxic swelling and cell death both after neonatal administration of non-NMDA receptor agonists , such as kainic acid , and after NMDA injection in animals of different ages (van Lookeren Campagne et ai. , 1993) .
In conclusion , our observations validate the use of DW MRI as a rapid and noninvasive means of assessing in vivo increases in cell volume as a result of cerebral insults. DW MRI and impedance mea surements permitted the longitudinal monitoring of the effect of NMDA receptor antagonists in coun teracting pathological alterations induced by NMDA administration and led to the description of the dependence of the protection on the type of antagonist and the interval between insult and treat ment. The observations indicate the power of DW MRI for predicting the outcome of therapeutic in tervention.
